[1] A unique morphology suggestive of viscous flow of a meters-thick surface layer was identified in high-resolution (<10 m/pixel) Mars Orbiter Camera (MOC) images. A global survey of 13,000 MOC images resulted in the identification of 146 images exhibiting these viscous flow features. Slope angles derived from Mars Orbiter Laser Altimeter (MOLA) data, along with an experimentally derived flow law for ice, were used to estimate the shear stress and assess the plausibility that a $10 m thick ice-dust mixture could produce the observed viscous deformation on timescales in agreement with the estimated age (10 5 -10 7 years) of the material. Our shear stress estimates of 10 À1.5 -10 À2.5 MPa yield strain rates on the order of 10 À11 -10 À16 s À1 , which are within the superplastic flow regime of ice. Mean annual surface temperatures, age constraints, and strain estimates show that it is possible for a meters-thick ice-dust mixture to undergo viscous deformation under past or present surface conditions for ice grain sizes >10 mm. The meters-thick layer in which the viscous flow features formed is morphologically similar to a degraded meters-thick ice-dust surface deposit (dissected mantle terrain). Locations of the viscous flow features, dissected mantle terrain, and recent gullies are concentrated in the midlatitude regions, and all three show identical distributions as a function of latitude, with the maximum frequency of occurrence at $40°N and S. The strong association between these small-scale flow features and the dissected mantle terrain, large-scale viscous flow features, and recent gullies imply that deposition, deformation, and removal of ice-rich materials has played an important role in the modification of the surface in the midlatitudes of Mars during the Amazonian and possibly longer.
Introduction
[2] Viscous flow of ice-rich material on Mars was first suggested to explain observations of surface lineations, compressional ridges, and convex-upward topographic profiles observed in Mariner 9 images [Squyres, 1978] . These data were later used in conjunction with higher resolution Viking images to catalog and map a variety of viscous flow features such as lobate debris aprons, concentric crater fill, lineated valley fill, and terrain softening [Squyres and Carr, 1986; Squyres et al., 1992] . It was hypothesized that these kilometer-scale features formed by a relaxation of topography underlain by an ice-saturated crust. This assemblage of viscous flow morphologies is observed primarily between 30°-60°in both the northern and southern hemispheres, though the features are not as well developed at latitudes above ±55° [Squyres and Carr, 1986; Squyres et al., 1992] . Observations of these latitude dependent features and ground ice stability models suggest that substantial amounts of ice may be present in the Martian crust at middle to high latitudes.
[3] Numerical modeling has shown that the stability of near-surface ground ice on Mars is controlled by obliquity, eccentricity, and precession [Mellon and Jakosky, 1995] . Poleward of 60°, ground ice is currently stable according to the model of Mellon and Jakosky [1995] , and many icerelated features have been observed on the surface at these latitudes. Head [2000, 2002] showed that the kilometer-scale roughness for latitudes above 30-50°in both the northern and southern hemispheres was smoother than the surrounding terrain at short baselines. This corresponds with the equatorward limit of a mantle recognized in Mariner 9 data by Soderblom et al. [1973] , who attributed its origin to dust originating from circumpolar layered deposits. Head [2000, 2002] suggested the smoothness of these high-latitude regions was the result of climate-related deposition of a meters-thick ice-rich mantling unit. The presence of ice-rich material at high latitudes is also in agreement with recent work by Mangold et al. [2002a] , who noted the presence of possible periglacial features between ±60°-90°. Preliminary results from the Mars Odyssey neutron spectrometer also show low epithermal neutron flux, which corresponds to a high concentration of hydrogen in the top two meters of soil, at latitudes higher than 60°in the southern and northern hemisphere [Boynton et al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002] . This hydrogen is most likely present in the form of water ice, and recent models predict that as much as 40-73% ice by volume may exist below a hydrogen-poor layer of soil [Boynton et al., 2002] at latitudes higher than 42°S.
[4] Mustard et al. [2001] described the presence of a dissected mantle found in high-resolution Mars Orbiter Camera (MOC) images within ±30°-60°latitude. These two latitude bands correspond to regions in which the stability of near-surface ice has varied over the last 10 million years due to orbital forcing, and where ice is unstable under current surface conditions [Mellon and Jakosky, 1995] . Mustard et al. [2001] interpreted the dissected terrain to be an atmospherically deposited ice-dust mantle from which the ice has sublimated, leaving behind a loosely cemented loess-like material. Strong winds then strip away the desiccated loess, resulting in the eroded or dissected appearance of this mantle terrain (Figure 1 ). Other studies have noted this type of terrain [Malin and Edgett, 2001; Carr, 2001; Cabrol and Grin, 2002] , though they have not mapped its global extent. Other workers [Grant and Schultz, 1990; Grizzaffi and Schultz, 1989; Schultz and Lutz, 1988] have previously used Viking images to characterize thick, layered deposits in middle-to high-latitude regions. Believed to be relics of atmospherically deposited volatile-rich layers from previous polar cap maxima, these materials exhibit erosion and degradation patterns similar to the dissected mantle terrain, though larger in scale and formed over longer timescales [Grant and Schultz, 1990; Schultz and Lutz, 1988] .
[5] The undissected, intact areas of this unit are smooth and typically mantle the surface uniformly, with an apparently consistent thickness regardless of local topography, geology, and elevation. Layering is occasionally observed, suggesting the presence of an internal stratigraphy, which may correspond to multiple periods of deposition. This morphology is best explained by atmospheric deposition of an ice-dust mixture rather than infiltration of ice into the top few meters of the Martian regolith. Because of a lack of craters, the material was interpreted to be very young, most likely deposited during the most recent period of high obliquity ($100 kyr ago) [Mustard et al., 2001] . Of the more than 13,000 MOC images examined for this study, 1,524 contain the dissected mantle terrain. Such highresolution images have also made it possible to observe other morphologies believed to host ice-rich materials (such as the viscous flow features mentioned above). In addition to providing new information about these previously recognized features, MOC images also revealed viscous flow features of a much smaller scale. To date, this study has recognized 146 MOC images that contain material exhibiting features indicative of viscous flow.
[6] The viscous flow features (VFF) have characteristics including surface lineations, compressional ridges, and flow fronts similar to characteristics associated with largerscale viscous flow features, such as lobate debris aprons or lineated valley fill [Squyres and Carr, 1986] . MOC recognized VFF are typically found between ±30 and 50° (Figure 2 ), which corresponds to the areas of greatest concentration of the dissected mantle terrain [Mustard et al., 2001] . Like the dissected mantle terrain, the viscous flow material is a distinct surface unit that lies on top of the pre-existing topography, has relatively few craters, and may exhibit internal stratigraphy. The morphological and spatial associations of the VFF with the dissected mantle terrain and other ice-related features lead us to believe that they may be evidence of near-surface flow of ice. The goal of this paper is to describe the characteristics of these viscous flow features and evaluate the plausibility that a material of an ice-dust composition could flow on the surface of Mars under past or current conditions.
Observations

Flow Feature Characteristics
[7] Several morphologic characteristics were used to determine whether or not a particular MOC image exhibited viscous flow features. These characteristics included the presence of primary or secondary lobate features of the material (typically in alcoves), lineations on the surface (both parallel and transverse to the slope on which the material flows), compressional ridges or extensional troughs, ridges at the flow front or base of the slope, or other general evidence that the material flowed around or over obstacles such as craters or mounds (Figure 3 ).
[8] Perhaps the most prominent features are the large, primary lobes present in alcoves on valley walls. These primary lobes typically begin partway down a slope and commonly exhibit smaller, secondary lobes at the top. Unlike typical terrestrial ice masses, which are thickest in the center and rounded at the edges (convex), several of the observed primary lobes are depressed in the center relative to the edges and appear to be concave in cross section (Figure 3 ). This deflated appearance may indicate that much of the ice has sublimated. Different degrees of deflation and degradation of primary lobes is also observed, which may indicate varying ice contents or ages of different flow features. The front (downslope) edges of the deflated primary lobes are commonly marked by sharp, raised ridges (Figures 3b-3d ). These flow ridges may represent accumulation of rock/dust debris that has been pushed to the outer edges of the flow, similar to terrestrial glacial moraines. More resistant to erosion, these ridges remain raised once the ice within the flow feature sublimates, accentuating the deflated appearance.
[9] Approximately 22% of the images containing VFF have one or more series of compressional ridges or extensional troughs, typically near the junction between the slope and crater or valley floor (Figure 3a) . Such features suggest that the material has experienced ductile rather than brittle deformation, consistent with creep being the mechanism of movement. Compressional ridges such as these are commonly present in terrestrial ice masses and rock glaciers that flow into less confined areas or regions of lower slope, which results in a decrease in flow velocity. The buckling compensates for this decrease in velocity and typically causes terrestrial glaciers to have an increased thickness downslope [Degenhardt and Giardino, 1999] . The presence of compression ridges at the base of slopes in some MOC images suggests the same may be true of the VFF on Mars.
[10] Some of the VFF images also display an olderlooking mantle material on crater and valley floors that is degraded and contains small circular depressions (Figures 3  and 4) . The depressions rarely have raised rims or central peaks. Some also appear to have high depth-to-diameter ratios. Because of their small size, it cannot be determined whether these depressions are small simple craters or circular ablation features, making it difficult to estimate the age of the material based on crater counting. When observed on crater or valley floors, the degraded material is not always continuous with the material on the surrounding crater walls. Commonly, a distinct boundary exists between material on the crater wall and floor, in which the degraded floor material appears to be stratigraphically lower than the mantle material on the wall. This implies that the floor material is older relative to the mantle on the walls, and perhaps that the youngest layer has been stripped from the crater floors.
Location
[11] Like the dissected mantle terrain, the VFF also show a strong latitude dependence. Almost all (97%) images exhibiting VFF are found within the latitude bands of ±30°-50°. Of the 88 VFF observed in the southern hemisphere, 97% occur between 30°-50°S and of the 58 observed in the northern hemisphere, 98% occur between 30°-50°N. These latitude bands also correspond to the regions of highest concentration of dissected mantle terrain and young gullies (Figure 2) . Previous studies have shown that the ±30°-60°latitude bands are also host to lobate debris aprons, concentric crater fill, and lineated valley fill, all of which may be explained by viscous flow of ice-rich material [Squyres and Carr, 1986; Squyres et al., 1992] .
Slope Measurements
[12] The orientations of slopes that contain VFF are presented in Figure 5 . The VFF in the southern hemisphere are dominantly on south-facing slopes, whereas the VFF in the northern hemisphere are dominantly on north-facing slopes, with a few trending east. Thus the VFF show a strong preference for pole-facing slopes. This preference is similar to the orientations observed for the gullies identified by Edgett [2000, 2001] , which also occur dominantly on pole-facing slopes ( Figure 5 ) [Costard et al., 2001; this work] . Both recent gullies and VFF are more common in the southern hemisphere and are concentrated in several areas, such as Dao Vallis and Newton Crater. Though the VFF in the northern hemisphere show a strong N-NE orientation, the northern hemisphere gullies show a NW-SE trend. This apparent difference in preferred orientation is not significant because of the relative paucity of gully images observed thus far in the northern hemisphere (16 total), which is insufficient to generate reliable statistics.
[13] In addition to slope orientations, MOLA topography data were used to measure the surface slope angle of the material for those images in which the direction of flow was approximately parallel to a MOLA path. A total of 34 surface slope angles were measured from 30 MOC images ( Figure 6 ). For images in which the slope was only an ''apparent'' slope (flow direction not parallel to the MOLA path), the measured value was converted to a ''true'' slope. No slope measurements increased more than 4°with this correction and only 7 increased more than 2°. The mean true slope angle was 20°, with a minimum of 9°and a maximum of 30°. Approximately 85% of the true slopes were greater than 15°and 41% were greater than 20°. Assuming the thickness of the flow material is uniform, the surface slope is equal to the slope of the substrate. As stated earlier, however, the flow material may be thicker at the toe, in which case the actual slope of the substrate would be greater than the values presented here. These slope angle measurements can be used in conjunction with estimated properties of the viscous flow material to determine the range of shear stresses within the VFF, which in turn can be used to estimate the strain rate of the material.
Stress-Strain Rate Relationships
[14] The shear stress (t) due to gravity at the base of viscous flow features can be determined by the relationship Figure 3c . [Paterson, 1981] . Here, the density is a function of the proportion of ice and dust given by
where X is the volume fraction of ice, r ice = 0.9 g/cm 3
, and r dust = 1.5 g/cm 3
. Mustard et al. [2001] estimated the thickness of the ice-dust mantle to be on the order of 1 -10 m, though in many cases the VFF appear to be much thicker. For a nominal case of 10 m, slope angles of 15°-30°, and 0.2 < X < 1.0, the resulting basal shear stresses are approximately of the same order of magnitude, $10 À2 MPa. For a thickness of 100 m, the shear stress is $10 À1 MPa. These shear stress estimates are most strongly dependent on thickness, h, and not the range of slope angles and ice fractions examined here.
Thus we chose a typical shear stress of 10 À1.5 -10 À2.5 MPa to be reasonable for the VFF given the uncertainties in the thickness of the material.
[15] No deformation studies have yet been conducted for ice samples mixed with various volume fractions of micronsized loess or clay particles. Previous studies have, however, examined ice-silicon carbide, ice-quartz, and ice-carbonate mixtures [Durham et al., 1992; Mangold et al., 2002b] . These studies focused on small silicon carbide/quartz/carbonate particle sizes of 1 mm to 2 mm and temperatures in the range 77 -263 K, but were conducted on coarse-grained samples at stresses of 1-200 MPa, i.e. within the dislocation creep regime of ice. The rheology of ice-particulate mixtures in the superplastic flow regime [Goldsby and Kohlstedt, 2001] has not been thoroughly investigated (unpublished Figure 4a ; note the smooth, stippled texture of the material which occupies the alcoves. This is common of the dissected mantle terrain (which is also present in the far upper right corner of the image). (c) A close-up of the lower right portion of Figure 4a . The cratered, degraded material in the lower left corner is believed to be an older dissected mantle terrain deposit. The wavy, smooth ridges of the material on top of it are similar to the flow front ridges observed in VFF (such as in Figure 3b ). These features might represent older, deflated viscous flow features in which the ice has sublimated. On top of the wavy ridges lies a meters-thick unit which may represent a more recent ice-dust mantle. Gullies have incised this unit and their debris fans (as well as the mantle itself) superpose the underlying flow front ridges. Such relationships show that gully formation and deposition and removal/deformation of ice-rich deposits have a complex, though related, history within the midlatitude regions.
results of Goldsby and Kohlstedt, however, suggest that ice samples alloyed with 5 -10% SiC, with a particle diameter of $5 mm, do not deform significantly different than pure ice samples in the superplastic flow regime). Because of the lack of experimental data, we therefore restrict our study to a limiting case in which the volume fraction of dust is assumed to be small (X ice ) X dust ). Furthermore, we assume that the presence of dust has a negligible effect on the strain rate, such that the rheology of the ice-dust material can be approximated as that of pure water ice. Such large concentrations of ice are not unreasonable if one considers recent interpretations of Mars Odyssey data, which estimate that there may currently be as much as 73% ice by volume in the near-surface at mid to high latitudes [Boynton et al., 2002] .
[16] Under these conditions, and using the estimated shear stress, a flow law for ice can be used to estimate the strain rate of the flow features. For this study we adopted the composite ice flow law of Goldsby and Kohlstedt [2001] , which describes the total strain rate (_ e) as a combination of the strain rates produced by each of four creep mechanisms: diffusional flow (_ e diff ), basal slipaccommodated grain boundary sliding (GBS) (_ e basal ), GBSaccommodated basal slip (_ e gbs ), and dislocation creep (_ e disl ), given by
Figure 5. Polar plots of slope orientations for observed gully and VFF images. Gullies and VFF in the southern hemisphere show a S-SW trend. Northern VFF show a strong N-NE trend, but northern gullies show a NW-SE trend. This difference is probably due to sampling size. Radial axis values refer to count, which may be greater than the actual number of examined MOC images (one image may have several flow features or gully systems). The data are displayed in centered 30°bins, such that the count value at 15°, for instance, represents all measurements between 0°and 30°.
[17] The strain rate within each creep regime is determined by the relationship
where A is a materials parameter, Q is the activation energy for creep, P is the hydrostatic pressure, R is the gas constant, T is absolute temperature, V is the activation volume for creep, s is differential stress (s ¼ ffiffi ffi 3 p t [Paterson, 1981] ), n is the stress exponent, d is ice grain size, and p is the grain size exponent.
[18] At the highest stresses, in the dislocation creep regime, the flow of ice is characterized by a stress exponent n = 4.0. The creep rate in the dislocation creep regime is independent of grain size. With decreasing stress, a transition occurs to a ''superplastic flow'' regime, in which basal dislocation slip and GBS are mutually accommodating creep processes, and the creep rate is limited by GBS. The flow of ice in this creep regime is characterized by a stress exponent of 1.8 and is markedly dependent on grain size, with a grain size exponent of 1.4. With further decreasing stress, a transition occurs to a basal slip-limited creep regime, in which basal dislocation slip and GBS are mutually accommodating, and the creep rate is limited by basal slip. The creep rate in this regime is characterized by a stress exponent of 2.4 and is independent of grain size. With further decreasing stress, a transition to diffusional flow is anticipated, with n = 1 and p = 2 for creep controlled by volume diffusion and n = 1 and p = 3 for creep controlled by grain boundary diffusion. These values of n and p as well as the values of Q for the different creep regimes are given by Goldsby and Kohlstedt [2001] .
[19] In this study, we concentrate on changes in strain rate that occur with variations in temperature (T) and ice grain size (d). Average annual surface temperatures change with orbital variations (obliquity, eccentricity, and solar longitude), latitude, slope angle, and slope orientation [Mellon and Jakosky, 1995; Costard et al., 2001 ]. Here we consider temperatures in the range of 180 -220 K, which are representative of potential mean annual temperatures of horizontal surfaces between ±30 -50°latitude for obliquities of 15-60° [Mellon and Phillips, 2001] . At these temperatures, vapor-deposited ice crystals are typically less than 1 mm in diameter [Song and Lamb, 1994; Kampe et al., 1951] . We therefore chose representative ice grain sizes of 10, 50, 100, and 1000 mm (the dependence of ice grain size on temperature will be addressed further in the discussion). Strain rates were calculated for each of the four ice grain sizes at temperatures of 180, 200 and 220 K in order to cover the range of possible surface conditions.
[20] Stress-strain rate curves calculated from (3) are plotted in Figure 7 for the range of temperatures and grain sizes discussed above. The strain rate for a mantle thickness of 10 m ranges from 10 À11 -10 À16 s
À1
, depending on the value of T and d. Three different creep regimes can be distinguished in the curves for d = 10 mm: 1) dislocation creep at the high stresses, 2) ''superplastic flow'' (i.e., GBSaccommodated basal slip) at intermediate stresses, and 3) diffusional flow at the lowest stresses. For a stress of 10 À2 MPa, 180 K T 220 K and 10 mm d 1 mm, superplastic flow is the rate-limiting creep mechanism. For this stress, and temperatures of 180 to 220 K, the ratelimiting creep mechanism changes to diffusional flow for ice grain sizes <10 mm. The diffusional flow field cannot be accessed at practical laboratory strain rates, even for very small ice grain sizes [Goldsby and Kohlstedt, 2001] . Because of this practical limitation, Goldsby and Kohlstedt used their experimental data for superplastic flow to constrain the diffusional flow rate. However, the exact location of the boundary between superplastic flow and diffusional flow regimes is unknown, and may occur at a slightly higher or lower stress than presented in Figure 7 . Because of this uncertainty, we assume 10 mm to be an approximate lower limit for grain size for superplastic flow to be the ratelimiting creep mechanism at a stress of 10 À2 MPa.
Discussion
Age and Strain Rate Constraints
[21] Mean daily and annual surface temperatures on Mars are generally much colder than the melting temperature of water ice. Even at the bottom of a 10 m thick layer of ice, temperatures are still too low to cause basal melting. Movement of an ice-dust mantle by basal sliding therefore is unlikely. High concentrations of salts, however, can depress the freezing point of water and may allow basal melting to occur at very low temperatures for a meters-thick layer. The presence of salts on Mars, in the form of duricrust, was first observed by Viking [Clark et al., 1982] . Because of the uncertainty in possible locations and concentrations of salts, however, we will consider deformation to be caused solely by viscous flow of the ice-dust layer, with no basal sliding component.
[22] If the size of the ice grains within the flow features does not change significantly over time, only changes in mean annual surface temperature will affect the strain rate. If we consider our estimated shear strain rates, _ g, (_ e ¼ 2 ffiffi 3 p _ g [Paterson, 1981] ) to represent the average shear strain rates, _ g, over the lifetime of the VFF, our estimated maximum and minimum strain rates, _ e, of 10 À11 and 10 À16 s À1 require approximately 3000 years and 300 Myr, respectively, to produce a shear strain of 100% (g = 1.0). Similarly, a strain of only 10% (g = 0.1) would still require 30 Myr for our lowest average strain rate of 10 À16 s
À1
. Though the actual strain cannot be determined from MOC images, this timescale range can be further constrained by several assumptions. First, the VFF typically lack craters and most do not appear to be highly degraded. This suggests that they are relatively young in age, probably no more than tens of millions of years old. Also, as mentioned previously, several of the observed primary lobes are concave, not convex like typical terrestrial ice masses. We interpret this to be a result of the sublimation of ice within at least the top few meters of the material, creating a deflated appearance. The features visible today may only be desiccated, or ''fossil'' remnants of previously ice-rich material, and are not necessarily flowing at present. This morphology and the most recent period of near-surface ground ice stability in the midlatitudes ($100,000 years ago) imply that the VFF are at least 100,000 years old. The VFF therefore are most likely in the Figure 7 . Stress-strain rate plots based on the flow law used by Goldsby and Kohlstedt [2001] . Hatched boxes outline our optimal conditions: strain rates of 10 À13 -10 À15 s À1 (which correspond to estimated ages of 10 5 -10 7 years for a strain of 100%) and stresses of 10 À1.5 -10 À2.5 MPa (which correspond to an average mantle thickness of 10 m). These conditions occur for a variety of ice grain size and temperature conditions (see text).
range of 10 5 -10 7 years old. This age range and the corresponding average strain rates for various levels of strain are outlined in Figure 8 . As a second constraint, annual mean surface temperatures near 220 K for the latitudes considered here only occur at low obliquities, which correspond to periods when near-surface ground ice is unstable at midlatitudes [Mellon and Phillips, 2001; Mellon and Jakosky, 1995] and accumulation of ice for the VFF is unlikely. Thus it is probably more accurate to only consider mean annual surface temperatures between 180 and 200 K. For a shear strain of 100%, these age and temperature constraints restrict the possible average strain rates to $10 À13 -10 À15 s À1 for the ice grain sizes presented here. Hatched boxes in Figure 7 outline these strain rates for a shear stress range of 10 À1.5 -10 À2.5 MPa.
[23] Such average strain rates are possible for many of the temperature grain size combinations examined here. Direct observations, however, have shown that aggregates of ice crystals in the atmosphere have a maximum diameter of $1 mm at 253 K and aggregation ceases at lower temperatures [Hobbs, 1974] . Since ice crystal growth rates generally decrease with temperature [Hobbs, 1974] , and Martian surface temperatures are generally much colder than 253 K, 1 mm appears to be an acceptable upper limit for ice grain size. In fact, vapor deposited ice crystals smaller than 50 mm have been observed at temperatures as low as 243 K in laboratory experiments simulating supercooled clouds [Song and Lamb, 1994; Kampe et al., 1951] , and ice particles only several microns in diameter may be present in clouds at temperatures of 183-193 K [Hobbs, 1974] . Pinning of grain boundaries by particulates would also retard crystal growth, potentially limiting ice grains to sizes much smaller than 1 mm. This means that ice grains 100 mm are probably common under Martian surface conditions. If we exclude the 1 mm ice grain size, our strain rates of 10 À13 to 10 À15 s À1 would only occur at T 200 K for ice grain sizes 100 mm and a stress of 10 À2 MPa. If the dominant ice grain size is on the order of 1 mm, then a minimum temperature of $190 K is required to meet the same strain rate conditions, which is still in the range of expected mean annual surface temperatures for the latitudes considered here.
[24] If the material that forms the VFF is of a similar origin as the ice-dust mantle described by Mustard et al. [2001] (and thus deposited concurrently), the estimated dissected mantle age of 100,000 years results in a minimum average strain rate of 10 À13 s À1 for g = 1.0 and 10 À14 s
for g = 0.1. It is shown in Figure 7 that these strain rates are possible for d = 10 mm and T $ 180 K, d = 50 mm and 180 K < T < 200 K, d = 100 mm and 190 K < T < 200 K, and d = 1 mm and T > 200 K. These temperatures match annual mean surface temperatures quite well for the latitudes at which the VFF are observed, and small ice grain sizes are not unreasonable for such low temperatures. Therefore the ice flow law of Goldsby and Kohlstedt [2001] predicts that it is possible for an ice-rich mantle material to deform at strain rates in agreement with the estimated deformation and a range of estimated ages of the VFF, with the lower limit matching the estimated age of the dissected mantle terrain. The lowest probable average strain rate is on the order of 10 À15 s À1 and the highest is on the order of 10 À13 s
. It is important to remember that the actual strain is unknown and these estimates assume a shear strain of 100%. Higher shear strains would require higher average strain rates over the same timescale. For instance, if the deformation visible in the flow features presented in Figure 3 represents a shear strain of 1000% (g = 10), the required time for deformation increases to 30,000 years and 3 Gyr for average strain rates of 10 À11 s À1 and 10 À16 s
, respectively (Figure 8 ). If the average strain rates are indeed at the lower limit, such unlikely ages imply basal sliding must contribute to the deformation to have agreement with the estimated age range of the VFF. Conversely, if there is no basal sliding component, the deformation must occur at higher average strain rates (10 À11 -10 À13 s À1 ) to allow such a high shear strain. It should also be noted that the lower strain rate limit is controlled by the ice grain size, and an ice grain size less than 10 mm would also increase the strain rate for a given temperature. Similarly, an ice grain size greater than 1 mm would decrease the strain rate for a given temperature, which would require longer timescales to produce similar levels of strain.
Locations of VFF
[25] As visible in Figure 2 , though the VFF occur primarily between ±30 -50°, they are not equally distributed longitudinally. The VFF in the northern hemisphere are only observed in several locations: the northern boundary of Lycus Sulci, the northern boundary of Tempe Terra, and the dichotomy boundary in northern Arabia Terra (specifically, Deuteronilus Mensae). These localities correspond to the regions with the greatest median slope and interquartile-scale (IQS) values in the 30-50°latitude band in the northern hemisphere [Aharonson et al., 2001 ]. The individual slopes Figure 8 . Representative values of shear strain, g, as a function of time, t, and average shear strain rate, _ g. These values are determined from the relationship t ¼
Dashed lines at 10
5 years and 10 7 years outline the estimated age range of the viscous flow features. To fall within this age range, an assumed shear strain of g would require an average shear strain rate given by the x axis. measured for this study, which showed a mean slope angle of 20°, further support the apparent preference of the VFF for steep slopes. We interpret this slope preference to be the reason why the VFF are not observed everywhere in the 30-50°N latitude band, even though mean annual surface temperatures are generally higher here than in the corresponding southern latitude band.
[26] Unlike most of the northern lowlands, which are quite smooth, the 30-50°S latitude band is heavily cratered, rough, and has higher median slope and IQS values at most longitudes. If formation of the VFF is controlled solely by slope angle, one would expect to see the features throughout the southern highlands. This is not the case, however, and the VFF are only observed in several locations (primarily Dao Vallis, Newton Crater, and the area surrounding Reull Vallis). We believe this distribution shows that formation of the VFF is also temperature dependent. Though steep slopes are generally more common in the southern hemisphere than the north, the lower annual mean surface temperatures may restrict the VFF to forming only on the warmest slopes. Thermal modeling predicts that these would be steep, polefacing slopes at high obliquities [Costard et al., 2001] , which correspond to the measured slope orientations of the VFF ( Figure 5 ).
[27] The requirement for both the ideal slope and temperature conditions may also be the reason why viscous flow features are not observed at latitudes greater than ±60°or in the polar caps, even though these areas may contain large quantities of water ice [Boynton et al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002] . MOLA data shows that high latitudes in the northern hemisphere are fairly smooth, with low median slopes [Aharonson et al., 2001; Smith et al., 2001] . The small basal shear stresses produced for a 10 m thick ice-dust layer on these low slopes would result in strain rates several orders of magnitude lower than the values presented here. At these rates, deformation would probably take place too slowly to cause a noticeable difference in the appearance of the ice-dust mantle over the ages considered here. Conversely, the high latitudes in the southern hemisphere are rough on a subkilometer scale relative to their northern counterparts [Kreslavsky and Head, 2002] , but VFF are still not observed. There are two possible interpretations of this. First, mean annual surface temperatures might be too cold for deformation of a thin ice-rich mantle to take place on a noticeable timescale. Mellon and Phillips [2001] predicted that mean annual surface temperatures are less than 185 K for latitudes greater than 60°S for all obliquities. These low temperatures, however, lie within our optimal stress-strain rate conditions outlined in Figure 7a (hatched box; ice grain size of 10 mm). Therefore an alternative explanation for the lack of flow features at these latitudes is that the dominant ice grain size is greater than 10 mm. To meet our optimal conditions for flow, an ice grain size of 50 mm-1 mm requires mean surface temperatures in excess of 170 K, which only occur at high southern latitudes for obliquities !40°. Though such high obliquities are possible, they have not occurred within the past 5 Myr [Laskar et al., 2002] , which nears our upper age limit for the VFF. Therefore absence of VFF at high latitudes may indicate that ice grains in excess of 10 mm are dominant in the ice-dust mantle. In addition to the age constraints discussed previously, the location and latitude dependence of the flow features can be used to constrain the temperatures, slope angles, and ice grain sizes necessary for an icedust mantle to deform viscously on Mars.
Relation of VFF to Other Flow Features
[28] As previously mentioned, several other features attributed to viscous flow of ice-rich material occur within the ±30°-60°latitude bands. Other studies have suggested that these features, as well as terrain softening, are formed by viscous flow of ice-saturated regolith, similar to terrestrial permafrost [Squyres, 1978; Squyres and Carr, 1986; Squyres et al., 1992; Carr, 2001 Carr, , 1996 . These models assume that ice fills the pore space between grains, which is at most 50% (porosity as measured by Viking) at the surface and decreases with depth. Such models therefore are restricted to ice concentrations 50%. Mangold et al. [2002b] recently stated that ductile deformation of such permafrost requires a minimum of 28% ice by volume. Modeling has shown that lobate debris aprons and terrain softening require viscous deformation down to $1 km depth [Jankowski and Squyres, 1993] . In order to have a concentration of 28% ice at a depth of 1 km (with a surface porosity of 50%), the pore space in the regolith must be completely saturated with ice [Mangold et al., 2002b] . This assumption need not be made, however, if another method of formation is considered.
[29] Alternatively, large-scale viscous flow features and terrain softening may be the result of many cycles of deposition of an ice-dust mantle. Specifically, lineated valley fill and concentric crater fill may be a result of the downslope movement of material [Carr, 2001] similar to the VFF observed in MOC images, but on a longer temporal and spatial scale. Accumulation and movement of a thick, layered, ice-dust mantle is also in agreement with the location of the viscous flow features. If a mantle thickness of 10 m remains at the end of each cycle, and depositional periods are approximately 100,000 years apart, then to accumulate a thickness of 1 km would only require 10 Myr. This assumes that not all of the ice in the mantle sublimates during each cycle, which is possible if the top few centimeters are desiccated, thus retarding the sublimation rate. The older appearance of these large-scale viscous flow features may be a result of the preferential stripping of the uppermost (and thus youngest) layer of the ice-rich mantle, exposing the older underlying layer. These features and the cratered, degraded VFF discussed earlier may represent viscous flow or repeated deposition of an ice-dust mantle that occurred prior to the most recent period of high obliquity.
Association With Recent Gullies
[30] In addition to the presence of dissected mantle terrain in all images showing VFF, 45 (31%) also show small gullies of apparent recent origin as described by Edgett [2000, 2001] . The material within gullies and alcoves they categorized as ''occupied'' is often lobate, and exhibits lineations and a stippled texture common to the ice-dust mantle and VFF (Figure 4 ). This category of gullies is most commonly found in Dao Vallis and Newton Crater, which also host many VFF. Several of the examined MOC images show what appear to be older, degraded gullies originating near the base of viscous flow features ( Figure 3) . As mentioned earlier, both the recent gullies and flow features are found dominantly on steep, pole-facing slopes ( Figure 5 ), suggesting insolation and slope orientation play an important role in their occurrence. Costard et al. [2001] recently showed that in the southern hemisphere, steep, pole-facing slopes typically have the highest mean daily surface temperatures during southern summer at high obliquities, making them the most likely places for gullies carved by liquid water to form. Often, the gullies cut through the viscous flow material, with their debris fans deposited on top of the mantle material (Figure 4 ). This stratigraphic relationship implies that the gullies are younger than these particular flow features.
[31] If the flow material and dissected mantle terrain are ice-rich, then they are a potential source for the liquid water that carved these gullies. Hecht [2002] recently discussed the metastability of liquid water on Mars by modeling local heat transport as a function of slope and gully geometry. He argued that even shallow depressions show a dramatic reduction in radiative cooling, making it possible for ice to melt within depressions almost anywhere on the planet. Therefore he concluded, the availability and concentration of ice determines the locations where gullies form. Depending on orbital and seasonal conditions, depressions, alcoves, and other sheltered locations on pole-facing crater and valley walls may receive minimal insolation, becoming cold traps in which ice can accumulate. As orbital or seasonal conditions change, longer exposure to direct insolation would cause ice within these depressions to melt, allowing small gullies to form in short periods of time. Similar processes (which produce morphologically similar gullies) occur in cold terrestrial regions and have been studied by Lee et al. [2001 Lee et al. [ , 2002 . Concentration and subsequent melting of ice in such cold traps is consistent with the striking similarity in location, orientation, and distribution of the dissected mantle terrain, VFF, and gullies (Figure 2) . The spatial and stratigraphic relationship between these features suggests a genetic relationship between the recent gullies and VFF, which is supporting evidence that the viscous flow features are ice-rich deposits. The relationship between gullies and potential ice-rich deposits was recently noted by Christensen [2003] , who suggested that the gullies were carved by liquid water produced within snowpacks. In his model, Christensen [2003] stated that the gullies were formed at the base of the snowpack and are visible once the snowpack has been removed. As mentioned previously, our observations show that the gullies commonly cut through the VFF and their debris fans are deposited on top of the ice-rich deposits. These stratigraphic observations are more consistent with near-surface melting and erosion of an icerich mantle than erosion beneath such deposits. Liquid water derived from surficial ice-dust deposits like those observed here may also explain why some gullies are observed on isolated slopes and start at the top of ridges, which cannot be explained by invoking seepage of subsurface water.
Conclusions
[32] Examination of thousands of MOC images has revealed the presence of surface features that may be explained by creep of ice-rich material. These viscous flow features are concentrated in several areas between 30-60°l atitude in both hemispheres. Though the flow features vary greatly in appearance, there are several common characteristics: lobate features, flow ridges, extension/compression ridges, surface lineations, and the presence of older, degraded flow material on crater and valley floors. Many VFF images also contain recent gullies, some of which locally cut through the flow material. This implies that the gullies are younger than these particular VFF and, if ice-rich, the flow material is a potential source of the water that carved these gullies. This is supported by the observation that both gully systems and VFF preferentially occur on steep, polefacing slopes in the southern hemisphere. Thermal models predict that daily surface temperatures approach the melting temperature of water on these slopes at high obliquities, providing the necessary energy to melt near-surface ground ice. Estimates of the amount of water required to carve the gullies and volumetric comparisons between the gullies and their debris fans may help to place constraints on the ice content of the ice-dust mantle and VFF.
[33] To adopt a flow law for ice to test whether an icedust mantle can deform viscously on Mars, it must be assumed that the volume fraction of dust is negligible. Experimental observations of the deformation of ice-dust mixtures at low stresses and temperatures are required to avoid this caveat. This study, however, has shown that it is possible for an ice-rich mantle material to flow under current or past Martian surface conditions. Shear stress estimates based on slope angles measured with MOLA topography data show that an ice-rich material with a thickness of 10 m has a basal shear stress on the order of 10 À2 MPa. This stress, temperatures between 180 and 220 K, and ice grain sizes between 10 and 1000 mm imply shear strain rates on the order of 10 À11 -10 À16 s À1 . The higher values in this range are similar to the lowest estimated strain rates of terrestrial glaciers and ice sheets [Paterson, 1981] . Experimental observations of vapordeposited ice crystals at low temperatures and the observed locations of the VFF constrain the most likely ice grain size to be 10 mm < d 1 mm. These results suggest that viscous flow of an ice-dust layer is a viable explanation for the observed flow features. For all temperatures and ice grain sizes examined here, and a stress of 10 À2 MPa, the rate-limiting creep mechanism is likely superplastic flow.
[34] For a low strain rate of 10 À15 s
À1
, a shear strain of 1.0 would only require 30 Myr. This is an upper age limit for the VFF if it is assumed that this strain rate is equivalent to the average strain rate over the lifetime of the VFF. Though the actual amount of shear strain that has taken place is unknown, this age spans many periods of nearsurface ground ice stability at midlatitudes. For the same shear strain, an average strain rate of 10 À13 s À1 implies an age closer to 300 kyr, which is in agreement with the estimated age of the youngest layers of the dissected mantle terrain. These rates are based on a 10 m thick layer, whereas a 100 m thick layer would result in a shear stress and average strain rate one order of magnitude higher (10
MPa and 10
À12 -10 À14 s À1 respectively). Flow features thicker than 10 m might represent stacking of ice-dust layers over several depositional cycles or a period of heavy deposition during a single cycle. Layer stacking, in conjunction with observations of older, desiccated flow features and large-scale creep features such as lineated valley fill, lobate debris aprons, and terrain softening, imply that creep of ice-rich surface deposits may have occurred extensively throughout the Amazonian on Mars.
